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INTRODUCTION 

The d e t e c t i o n  of complex o r g a n i c  compounds i n  meteo- 

I r i tes  and  i n  a n c i e n t  rocks* lus  t h e  s y n t h e s i s  of  8 v a r i e t y  

of  o r g a n i c  molecules  i n c l u d i n g  amino ac ids  from s i m p l e  

gases has been described i n  p rev ious  chapters .  These ob- 

s e r v a t i o n s  have r e s u l t e d  i n  t h e  i n t e n s i v e  and  so  f a r  f r u i t -  

f u l  e f f o r t s  t o  f i l l  t h e  gap between t h e  s i m p l e  gases,  water, 

ammonia and  methane, and t h e  s i m p l e s t  l i v i n g  c e l l .  I n  t h i s ,  

C h a p t e r  I i n d i c a t e  t h e  p o s s i b i l i t y  of a somewhat d i f f e r e n t  

approach t o  t h e  q u e s t i o n  of chemica l  e v o l u t i o n .  Observa- 

t i o n a l  e v i d e n c e  f o r  t h e  occur rence  of some o r g a n i c  com- 

pounds i n  space is p r e s e n t e d  and t h e  l i k e l y  e x i s t e n c e  of 

more complex molecu le s  a s  y e t  u n d e t e c t e d ,  or u n i d e n t i f i e d  is 

p o i n t e d  o u t .  T h i s  i m p l i e s  that massive s o l i d  o b j e c t s ,  namely; 

p l a n e t s  and  asteroids were accumulated from mater ia l  which 

a l r e a d y  c o n t a i n e d  a v a r i e t y  o f - o r g a n i c  compounds. The e x t e n t  

t o  which  s u c h  molecu le s  were prekerved  th roughou t  t he  accumul- 

a t i o n  process is a major  q u e s t i o n .  However, o n l y  a b r i e f  
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d i s c u s s i o n  w i l l .  be g i v e n ,  as “‘it takes u s  i n t o  new areas of 

cosmogony o f  a n  e s s e n t i a l l y  don-chemical n a t u r e .  

The objects or r e g i o n s  of t he  g a l a x y  t h a t  w i l l  conce rn  

u s  are:  (1) comets, (2) i n t e r s t e l l a r  s p a c e  (3) p r e - s t e l l a r  

‘ nebulae  and  (4) c o o l  s t e l l a r  atmospheres .  The p r i m o r d i a l  

s o l a r  nebula  i n  which t h e  planets  accumula ted  is a p a r t i -  

’ c u l a r  case of a p r e - s t e l l a r  n e b u l a e . b u t  is by no means unique .  

During t h e  l ifetime of t h e  ga laxy  s i m i l a r  o b j e c t s  must have 

appea red  b i l l i o n s  of t i m e s .  

L- 

I t  is a p p r o p r i a t e  t o  conclude thi ,s  i n t r o d u c t i o n  w i t h  a n  

accoun t  of a .cosmogonic h y p o t h e s i s  which  re la tes  a l l  of t h e  

p o s s i b l e  s o u r c e s  of  molecules .  

The b r i g h t e s t ,  h o t  stars i n  t h e  M i l k y  Way cannot  have 

been  s h i n i n g  f o r  more t h a n  a f e w  hundred thousand years 

w i t h  t h e i r  a v a i l a b l e  energy  s u p p l y .  T h i s  is an  i n s i g n i f i -  

c a n t  f r a c t i o n  o f  t h e  age of  t h e  Galaxy which is abou t  10 

b i l l i o n  y e a r s .  O the r  s t e l l a r  age i n d i c a t o r s  r e q u i r e  c o n t i n -  

uous  s t a r  fo rma t ion  throughout  t h e  ga laxy)  S p i t z e r  (1968a) .  

S t a r  f o r m a t i a n  takes  p l a c e  b y  t h e  development- o f  i n t e r s t e l l a r  

c l o u d s  of gas and  s o l i d  gra ins  and  t h e i r  subsequent  c o l l a p s e  

i n t o  s t a r s .  S e v e r a l  l i n e s  of- ev idence  demonst ra te  t h e  ejec- . 
t i o n  of matter from stars i n t o  s p a c e  e i ther  c o n t i n u o u s l y  or 

i n  b u r s t s  a s  w i t h  novae and supernovae.  Thus,  there is a 

sequence  of stars forming from i n t e r s t e l l a r  matter and  t h e n  

e j e c t i n g  material  back i n t o  space. T h i s  mater ia l  l a t e r  takes 

p a r t  i n  subsequen t  star format ion .  
b - 

a 
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A t  t h e  end  of t h e  c o l l a p s e  stage of  t h e  p r e s t e l l a r  
1 - .  

c loud  a f a i r l y  dense nebu la  k t h  a t e m p e r a t u r e  i n  t h e  

neighborhood o f  1000 K must deve lop .  An approximate  

molecu la r  e q u i l i b r i u m  w i l l  o c c u r  w i t h  t h e  compos i t ion  

0 

depending upon d e n s i t y  and teppe"ra ture .  When t h e  e o l l a p s e  

ceases .the t empera tu re  w i l l  d rop  t o  a l o w  v a l u e  de te rmined  

by  t h e  e n e r g y  i n p u t  from the  newly formed s t a r .  A t  some 

p o i n t  t h e  t e m p e r a t u r e  becomes s u f f i c i e n t l y  low t h a t  a com- 

p o s i t i o n  becomes " f rozen  in" .  P l a n e t s  and  meteorites 

c o u l d  accumulate  throughout  t h e  e n t i r e  l a te r  s t a g e s  of 

t h e  nebu la  b u t  comets must  form d u r i n g  t h e  co ld  s t a g e  be- 

cause  of t h e i r  v o l a t i l e  n a t u r e .  Because of t h e i r  s m a l l  

mass a n d  l o w  t e m p e r a t u r e s  comets would  be e x p e c t e d  t o  pre- 

s e r v e  w i t h  minimum t r a n s f o r m a t i o n  the  composi t ion  of t h e  

mater ia l  o u t  of which t h e y  and p l a n e t s  formed. Cometary 

molecules t h u s  r ep resen t  some m i x t u r e  from a l l  s o u r c e s  of 

molecu le s  i n  t h e  g a l a x y .  

The material which went i n t o  t h e  f o r m a t i o n  of t h e  

p l a n e t s  a l s o  r e p r e s e n t s  m a t t e r  from many s o u r c e s  of mole- 

c u l e .  The e x t e n t  t o  which complex molecu le s  c o u l d  w i t h -  

s t a n d  t e m p e r a t u r e s  and e x c i t a t i o n  c o n d i t i o n s  which  were 

e x p e r i e n c e d  from t h e i r  t i m e  o r  format'ion t o  t h e  t i m e  t h e y  

became par t  of t h e  e a r t h ' s  crust de te rmined  t h e  o r g a n i c  

c o m p o s i t i o n  of t h e  p r i m o r d i a l  c r u s t  b e f o r e  terrestrial  

chemical e v o l u t i o n  s t a r t e d .  

- -_ 
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11. COOL STELLAR ATMOSPHERES ~ 

d 
Sta r s  show a n  ex t r eme ly  wide r ange  of a tmosphe r i c  

I 
t e m p e r a t u r e s ,  A l l e r  (1963)., Fdr t he  coolest s t a r s ,  some , 

of which are var iable  i n  b r i g h t n e s s ,  t h e  lowest tempera- 

t u r e s  found are about  150O0K. 
I 

These a r e  s t a r s  of spec- 

I t r a l  c1;lss M ,  which have carbon/oxygen r a t i o s  less t h a n  

u n i t y  a n d  whose spec t rum is dominated b y  a b s o r p t i o n  bands 

of TiO. For o u r  purpose t h e  +mp%rtant class of s t a r s  a r e  

t h e  s o - c a l l e d  carbon s t a r s .  T h e i r  spectra show a marked 

d i f f e r e n c e  i n  appearance  from t h e  s t a r s  of t y p e  M. The 
~ 

spec t rum is dominated by t h e  C2 Swan bands and a n  a n a l y s i s  

i n d i c a t e s  a C/O r a t i o  g r e a t e r  t h a n  1.5.  Because of t h e  ex-  

cess of carbon ove r  oxygen, carbon is n o t  n e a r l y  comple t e ly  

combined a s  GO and a l a r g e  number of carbon compounds are 

poss ib le .  

I 

A major f a c t o r  i n  m o l e c u l a r  e q u i l i b r i u m  c a l c u l a -  

t i o n s  is t h e  t empera tu re  of t h e  a tmosphere .  E f f e c t i v e  

t e m p e r a t u r e s  of carbon stars, based  on t h e  t o t a l  radia- 

t i o n  from a s t a r ,  are about  2500°K for t h e  c o o l e s t  stars. 

V i b r a t i o n a l  t e m p e r a t u r e s  are s e v e r a l  hundred degrees less 

and  may be 2000°K o r  somewhat lower. 

N o  de ta i led  models of carbon s t a r  a tmospheres  have 

been  computed b u t  a n  estimate of t h e i r  c h a r a c t e r i s t i c s  

c a n  be o b t a i n e d  from the  M t y p e  g i a n t  s t a r s  w i t h  compara- 

b l e  t e m p e r a t u r e s  and l u m i n o s i t i e s .  For these stars t h e  

P r e s s u r e  r e g i o n  of i n t e r e s t  is 10 - 10 4 "  dynes/cm2 o r  

- 4 -  



t o  10 Torr.’ The importance of carbon coEpounds i n  t h e  

carbon s t a r  sequence is emp-hasized by t h e  i d e n t i f i c a -  _ _  

c 1 _ _ _  -+ 

t i o n  of C 3  and  SiC2-in a d d i t i o n  t o  t h e  major  ro le  of 

C2 i n  t h e i r  spec t rum.  

The u s u a l  procedure  for computing chemical e q u i l i -  

brium i n  s t e l l a r  a tmospheres  is t o  write a n  e q u a t i o n  f o r  
I - 
I ’  each  e l emen t  c o n s i d e r e d  in t h e  a n a l y s i s .  For hydrogen 

t h i s  has t h e  form 

I 
P(H) is t h e  f i c t i t o u s  p r e s s u r e  of  t h e  e lement  which would 

o c c u r  i f  t h e  e lement  e x i s t e d  o n l y  a s  t h e  n e u t r a l  atom and  

p(H) is t h e  a c t u a l  ‘ p a r t i a l  p r e s s u r e  a t  e q u i l i b r i u m .  The 

K’s are t h e  e q u i l i b r i u m  c o n s t a n t s  d e f i n e d  by 

I 

S i m i l a r  e q u a t i o n s  occur  f o r  each  e l emen t .  There,  is a 

term i n  t h e  a n a l y s e s  f o r  each molecule  i n  which t h e  

e l e m e n t  o c c u r s .  E q u i l i b r i u m  c o n s t a n t s  are t a k e n  from 

expe r imen t  when p o s s i b l e ,  or are  c a l c u l a t e d  from t h e  

m o l e c u l a r  c o n s t a n t s ,  D e t a i l e d  t r e a t m e n t s  of t h i s  procedure  

a re  g i v e n  by T s u j i  (1964) and by  Morris and  W y l l e r  (1967) 

. 

f o r  c a r b o n  s t a r s .  A d i f f e r e n t  approach  t o  d e t e r m i n a t i o n  of 

- 5 -  
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a complex e q u i l i b r i u m  has been f o r m u l a t e d  by  White e t  a 1  

(1958) i n  which t h e  f r e e  enekgy f u n c t i o n  o f  t h e  sys tem 

is minimized by v a r y i n g  the  c o n c e n t r a t i o n  o f  each s p e c i e s  % 

T h i s  method has been  employed by Dayhoff e t  a 1  (1967) 

f o r  s t u d y i n g  p r e b i o l o g i c a l  a tmospheres .  

Table  I has  been prepared  from unpub l i shed  c a l c u l a t i o n s  
5 

dynes/cm2 and  a v a r i e t y  of  temper- 

by T s u j i  f o r  t h e  compos i t ion  H:C:N:O = 10 :18:1:10 f o r  

p r e s s u r e s  o f  lo2 a n d  10 
4 

a t u r e s .  I n  these c a l c u l a t i o n &  o n l y  H , . C ,  N and  0 were con- 

s i d e r e d .  N o  metals, s i l i c o n  or s u l f u r  were i n t r o d u c e d  i n  I 

the atmosphere.  These a r e  t h e  c o s m i c a l l y  abundant  e l emen t s  

which would a f f e c t  t h e  chemis t ry .  Because r e l a t i v e  abund- 

a n c e s  i n  ca rbon  s t a r s  are not  t h e  same a s  i n  t h e  s u n ,  f o r  

example t h e  a l k a l i n e  e a r t h s  ancL rare ea r ths  a p p e a r  e n r i c h e d ,  

some o f  these e l e m e n t s  may a lso be i m p o r t a n t .  However, t h e  

t r e n d  of these c a l c u l a t i o n s  shou ld  g i v e  a p rope r  i n d i c a t i o n  

- * 

of ca rbon  compounds t o  b e  expec ted .  Morris and  Wyller  i n -  

c l u d e d  s i l i c o n  and  used  atomic abundances b a s e d  on l a t e r  

a n d  improved estimates of carbon s t a r  composi t ion .  However, 

o n l y  a f e w  t r ia tomic molecules  were i n c l u d e d .  Dolan (1965) 

c a l c u l a t e d  molecu la r  e q u i l i b r i u m  i n  s t a r s  i n c l u d i n g  one 

c a r b o n  s t a r  composi t ion .  H i s  r e s u l t s  were e s s e n t i a l l y  

d 

l i m i t e d  t o  H , C , N  and  0 and  inc luded  d i a t o m i c s  p l u s  HCN and  

CH2. 

of t h e  c a l c u l a t i o n s  of Duff and  Bauer (1962) s u g g e s t s  t h a t  

I n  a d d i t i o n  t o  these c a l c u l a t i o n s ,  a n  e x t r a p o l a t i o n  

- 6 -  



, 
, benzene may occur  t o  t h e  ex ten t  of 1 p a r t  i n  about 10 8 . 

A l l  t h e  above assumed thermodynamic e q u i l i b r i u m  

which is probably  a r e a s o n a b l e  approximat ion .  A more - 
s e r i o u s  r e s t r i c t i o n  may be the u s e  of c o n s t a n t  tempera- 

t u r e  and  p r e s s u r e  i n s t e a d  of  a model atmosphere i n  which 

b o t h  p h y s i c a l  pa rame te r s  i n c r e a s e s  from t h e  boundary of t h e  

atmosphere inward.  T h i s  r e f inemen t  h a s  been c a r r i e d  o u t  

f o r  M s t a r s  by Vardya (1966).  

S e v e r a l  a n a l y s e s  of carbon'  condensa t ion  i n  ca rbon  

stars have been car r ied  o u t  fo l lowing  t h e  i n i t i a l  work of 

Hoyle and Wickramasinghe (1962). L a t e r  p a p e r s ,  Donn e t  a 1  

(1968) ,  Kamjo (1966) ,  (1969),  and Friedemann a n d  Schmidt 

(1967) have improved the  c a l c u l a t i o n s  and t a k e n  t h e  nuc lea-  

t i o n  p r o c e s s  i n t o  a c c o u n t .  It was shown i n  these i n v e s t i -  

g a t i o n s  t h a t  g r a p h i t e  g r a i n s  of a few hundred angstroms 

c o u l d  w e l l  be  e x p e c t e d  t o  form i n  t h e  c o o l e r  s t a r s  of t h e  

c a r b o n  sequence .  Friedemann and Schmidt and  Wickramasinghe 

e t  a 1  (1966) showed t h a t  shuch g r a i n s  c o u l d  be ejected from 

t h e  atmosphere by r a d i a t i o n  p r e s s u r e .  The l a t t e r  paper  a l s o  

p o i n t e d  o u t  t h a t  t h e  g r a i n s  cou ld  c a r r y  a s m a l l  b u t  s i g n i f i -  : 

c a n t  p a r t  of t h e  a tmosphere w i t h  them. T h e . p r o c e s s  of  mass 

e j e c t i o n  i n  M g i a n t  s t a r s  is w e l l  e s t a b l i s h e d ,  Deutsch (1960) 

Weymann (1963) .  A s imi l a r  p rocess  i n a t h e  ca rbon  s t a r s  would 

s u p p l y  a cop ious  s o u r c e  of  carbonaceous material  t o  i n t e r -  

s t e l l a r  s p a c e  as was p o i n t e d  ou t  by T s u j i  (1964).  

- 7 -  



C l o s e l y  r e l a t e d  t o  t h e  phenomena 0 2  molecu la r  e q u i l i -  

br ium and p a ' r t i c l e  f o r m a t i o d  i n  cool s t e l l a r  atmospheres  

is t h e  role of s imi la r  phenomena i n  p r e - s t e l l a r  and  c i r -  

c u m s t e l l a r  c l o u d s .  I n f r a r e d  o b s e r v a t i o n s  have d e t e c t e d  

objects  w i t h  s t r o n g  i n t e n s i t y  a t  wavelengths  of s e v e r a l  

microns  b u t  w i t h  weak or no v i s i b l e  r a d i a t i o n .  B r i e f  re- 

views have been g i v e n  by  Johnson (1967) and Feldmann e t  a l  

(1966). There  appea r  t o  be three classes of i n f r a r e d  

ob jec ts .  These a r e ;  very  c o o l  M g i a n t  v a r i a b l e s ;  ex t r eme ly  

dense  i n t e r s t e l l a r  c louds ,  and c o o l  c i rcumstel lar  c l o u d s  

t h a t  may be  p l a n e t a r y  sys tems i n  a n  e a r l y  s t a g e  of  forma- 

t i o n .  There is much ev idence  f o r  s o l i d  p a r t i c l e s  and  

molecu le s  a s s o c i a t e d  w i t h  t h e s e  c louds as w e l l  a s  ev idence  

f o r  the  e j e c t i o n  of material from these c l o u d s  i n t o  i n t e r -  

s t e l l a r  s p a c e ,  Herbig (1969).  These ob jects presumably a re  associ- 

a t e d  w i t h  solar  t y p e  stars and p r i m o r d i a l  n e b u l a  w i th  a 

c a r b o n  t o  oxygen r a t i o  l e s s  t h  h in  u n i t y .  However, t h e  d i s -  

c u s s i o n  of S e c t i o n  3 shows t h a t  complex o r g a n i c  compounds 

formed e a r l y  i n  t h e  h i s t o r y  of t h e  s o l a r  sys t em,  p robab ly  

p r i o r  t o  or d u r i n g  t h e  accumula t ion  of comets and  meteoritic 

objects .  Consequent ly  organic molecules  c o u l d  a l so  form 

. 

i n  t h e  i n f r a r e d  o b j e c t s  a s s o c i a t e d  w i t h  s t a r  and  p l a n e t  

f o r m a t i o n .  

- 8 -  
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3. C o m e t s  and  t h e  P r i m o r d i a l  Solar Nebula 
4 

The comet f a m i l y  (R ich te r ,  1963) c o n s i s t s  of as t ronomica l -  

l y  sma l l  (- 40  km diameter, l& - lOIg gm) objects which 

r e a d i l y  evo lve  large q u a n t i t i e s  of gas and  d u s t  when t h e y  

approach  the  s u n .  About 600 i n d i v i d u a l  comets have been  

i d e n t i f i e d  when t h e y  came w i t h i n  4 A.U. of t h e  s u n .  The 

t o t a l  number must be enormously larger.  There  must b e  a 

la rge  s t o r e h o u s e  of comets at! larger d i s t a n c e s  from which 

t h e y  g r a d u a l l y  f e e d  i n t o  t h e  i n n e r  s o l a r  sys t em where t h e y  are as-  

< 

sociated w i t h  t h e n  g r a d u a l l y  d i s i n t e g r a t e .  Var ious  s t a t i s t i -  

c a l  a n a l y s i s  s u g g e s t e d  from lo' t o  l o l l .  
No complete  t h e o r y  of  t he  o r i g i n ,  s t r u c t u r e  and  composi- 

t i o n  of comets e x i s t s .  I t  is  g e n e r a l l y  b e l i e v e d  t h a t  t h e y  

were formed i n  t h e  e a r l y  s t a g e s  of t h e  sola-r sys t em a l -  

though an  a l t e r n a t i v e  hypotheses  of f o r m a t i o n  i n t e r s t e l l a r  

c l o u d s  and  subsequen t  capt i i re  b y  t h e  s u n  has  been  proposed.  

I f  t h e y  are indeed  a s s o c i a t e d  w i t h  t h e  e a r l y  s o l a r  sys tem,  

comets t e l l  u s  much about  the  composi t ion  of  t h e  p r i m o r d i a l  

solar  nebu la .  Because t h e  s o l a r  nebula  is b e l i e v e d  t o  have 

formed from a n  i n t e r s t e l l a r  c l o u d  t h e  a l t e r n a t i v e  explana-  

t i o n  s t i l l  t e l l s  something about  t h e  e a r l y  so l a r  sys t em,  

a l t h o u g h  t h e  i n t e r p r e t a t i o n  is no t  a s  d i r e c t .  

The characterist ic o b s e r v a t i o n a l  phenomenon i n d i c a t i n g  

t h e  p resence  of a comet is athe head or coma, a n  ex t r eme ly  

d i f f u s e  c l o u d  of g a s  and  d u s t .  A t a i l ,  which is the  most 
i 

L 

v 
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prominent f e a t u r e  of b r i g h t  comets ,  is g e n e r a l l y  m i s s i n g  

from t h e  f a i n t e r ,  s h o r t  p e r i o d  comets. Embedded i n  t h e  . 

coma is t h e  nuc leus .  T h i s  is t h e  permanent p a r t  of a comet 

which r e v o l v e s  around t h e  s u n  and is t h e  s o u r c e  of coma a n d  

t a i l  ma te r i a l .  Our o n l y  knowledge of t h e  compos i t ion  of t h e  

n u c l e u s  comes from s p e c t r o s c o p i c  o b s e r v a t i o n s  of coma and  

t a i l .  * 

L 

s 

Tab le  2 shows t h e  m o l e c u l e s  i d e n t i f i e d  i n  comets ,  

l i s t ed  i n  t h e  coma i n  o r d e r  of appearance  a s  t h e  comet 

approaches  t h e  s u n  a n d  i n  the  f a i l  t h e  'order  is g e n e r a l l y  

t h a t  of d e c r e a s i n g  i n t e n s i t y .  The u l t r a v i o l e t  Lypan a l p h a  

l i n e  of a tomic  hydrogen has been d e t e c t e d  i n  g rea t  s t r e n g t h  

i n  t w o  r e c e n t  b r i g h t  comets b y  o r b i t i n g  s p a c e c r a f t .  The 

d u s t  continuum ar ises  from s c a t t e r e d  s u n l i g h t .  A very  close 

cor respondence  of t h e  i n t e n s i $ y  : d i s t r i b u t i o n  w i t h i n  molecu la r  

e m i s s i o n  bands w i t h  t h a t  of t h e  so l a r  continuum i n d i c a t e s  

t h a t  t h e  molecular  e m i s s i o n s  r e s u l t  from re sonance  f l u r o e s -  

c e n c e .  

The composi t ion  and  s t r u c t u r e  of t h e  n u c l e u s  must be 

s u c h  a s  t o  y i e l d  t h e  observed  rad ica ls ,  accoun t  for t h e  

gas a n d  d u s t  p r o d u c t i o n l a n d  be a b l e  t o  exld?!in t h e  dynamical  

p r o p e r t i e s  of comets .  Whipple 's  (1950,1963) i c y  nuc leus  and  

its f u r t h e r  development,  Donn (1963,1967),  p r o v i d e s  a model 

t h a t  a p p e a r s  t o  meet these requi rements  and  a l s o  t o  be  con- 

s i s t e n t  w i t h  a n  accumula t ion .  p r o c e s s  i n  t h e  p r i m o r d i a l  s o l a r  

n e b u l a .  Because t h e  n u c l e u s  is a v o l a t i l e  o b j e c t  t h e  t e m -  

p e r a t u r e  had  t o  be l o w  a t  a l l  t i m e s  d u r i n g  and  s i n c e  its 

- 10 - 



f o r m a t i o n ,  Huebner (1965). F u r t h e r ,  because  of its s m a l l  

mass, p r e s s u r e s  were also g e n e r a l l y  low, hence no subs t an -  

t i a l  chemical changes i n  comets have t a k e n  p l a c e  s i n c e  

their  o r i g i n .  

4 

.5 

The composi t ion  of i c y  cometary n u c l e i  can  be  e s t i m a t e d  

from molecu la r  e q u i l i b r i u m  c a l c u l a t i o n s  of t h e  p r i m o r d i a l  

nebu la .  I n  T h e  P l a n e t s "  Urey (1952) c o n s i d e r e d  t h e  e q u i l i -  

br ium of t h e  solar nebula  under s e v e r a l  c o n d i t i o n s  a n d  c i t e s  

ear l ie r  work. S i n c e  t h e n  more e x t e n s i v e  i n v e s t i g a t i o n s  have 

been  c a r r i e d  o u t  f o r  a r r a y s  of *about one hundred molecu la r  

s p e c i e s .  The most u s e f u l  f o r  t h e  p r e s e n t  purpose are  those 

of  T s u j i  (1964) and of Lord (1965). Tab le  3 summarizes 

these r e s u l t s  and is a modi f ied  form of Urey ' s  c a l c u l a t i o n s .  

Two f a c t o r s  may have s e r i o u s l y  mod i f i ed  t h e  compos i t ion  

of  t h e  so l a r  nebu la  from the q u i l i b r i u m  v a l u e s ,  Fowler e t  a l ,  

(1962), Donn (1968). Radioac t ive  n u c l e i  were much more 

abundant  a t  t h e  t i m e  o f  fo rma t ion  of t h e  s o l a r  sys t em abou t  

5 b i l l i o n  y e a r s  ago t h a n  t h e y  are a t  p r e s e n t .  The h a l f  

238 is 7 x 10  y e a r s  and  therefore N = l l O O N o .  l i f e  of u 
a d d i t i o n ,  there is ev idence  f o r  s h o r t  l i v e d  r a d i o a c t i v e  

5 e l e m e n t s  w i t h  ha l f  l i v e s  t 10 y e a r s  that-,vere p r e s e n t  i n  t h e  

e a r l y  s o l a r  sys tem.  

L 

8 I n  5 

Of more s i g n i f i c a n c e  for producing  the  non-equi l ibr ium 

effect  may have been t h e  e n e r g e t i c  c o r p u s c u l a r  r a d i a t i o n  from 

t h e  p r i m i t i v e  s u n .  Q u a l i t a t i v e  c o n s i d e r a t i o n s  i n d i c a t e  t h a t  

s i g n i f i c a n t  chemical e f f e c t s  s h o u l d  

per iod t h e  ene rgy  f l u x  of e n e r g e t i c  

have o c c u r r e d .  During t h i s  

p r o t o n s  has been  e s t i m a t e d  

- 11 - 
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e a t  ergs. If a l l  t h e  energy wepe abso rbed  by t h e  
L 

n e b u l a ,  it would co r re spond  to e V .  The e f f e c t s  o f '  

r a d i a t i o n  is measured i n  terms of t h e  G v a l u e  for a re- 

a c t i o n ,  t h e  number of  molecules  - d e s t r o y e d  or formed p e r  

100 e V  of r a d i a t i o n  absorbed .  Although G v a l u e s  show a 

c o n s i d e r a b l e  s p r e a d  and  depend upon the medium and  its 

d e t a i l e d  compos i t ion ,  a r e a s o n a b l e  v a l u e  is (2 1. T h i s  

l e a d s  t o  a c o n v e r s i o n  of t h e  thermodynamical ly  s t a b l e  com- 

pounds t o  t h e  e x t e n t  of  los5 molecu le s .  

. .  

With a mean 
32 m o l e c u l a r  weight  of 2 0 ,  t h i s  is e q u i v a l e n t  t o  3.5 x 1 0  gm 

or abou t  two s o l a r  masses. I f  o n l y  a f r a c t i o n  of t h e  r a d i -  

a t i o n  were abso rbed ,  a s u b s t a n t i a l  p r o p o r t i o n a l  of the 

material i n  the s o l a r  n e b u l a  would have been  t r ans fo rmed .  

Some idea of t h e  u l t i m a t e  compos i t ion  of comets may be  

o b t a i n e d  from expe r imen t s  on chemica l  compos i t ion  of i r r a d i -  

a ted,  condensed g a s e s  and t h e  r e l a t e d  expe r imen t s  on t h e  

c o n d e n s a t i o n  of d i s s o c i a t e d  g a s e s ,  B a s s  and  Bro ida  (1960).  

I n  t h e  l a t t e r  c a s e ,  a s m a l l  c o n c e n t r a t i o n  of r a d i c a l s  a r e  

o b t a i n e d  i n  a d d i t i o n  t o  more complex and m o r e - r e a c t i v e  

. 

molecules.  Warm-up of t h e  condeqsed f i l m s  y i e l d e d  an ad- 

d i t i o n a l  array of molecu le s .  I t  is n o t  clear i n  m o s t  i n s t a n c e s  

whether these e x i s t e d  a s  such i n  t h e  condensed m a t r i x  or were 

r e c o m b i n a t i o n  p r o d u c t s  produced a s  t h e  s o l i d  warmed and 

v a p o r i z e d .  Condensa t ion  of  d i scha rged  methane-n i t rogen  mix- 

t u r e s  has  y i e l d e d  t h e  fo l lowing  molecu le s ,  Glasel (1961) : 

- L 

c 

u 
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a c e t y l e n e ,  e t h y l e n e ,  e t h a n e ,  b u t a d i e n e ,  p ropy lene ,  propane,  

and  bu tene .  
6 

- .  
~ - - I 

, Dissociated water vapor ,  when condensed i n  a c o l d  t r a p ,  

I produces a h igh  p e r c e n t a g e  of hydrogen p e r o x i d e ,  %02, p l u s  
I 

t h e  H 0 2  r a d i c a l .  

h a s  been claimed b u t  r e c e n t  work does  n o t  s u p p o r t  s u c h  a 

molecule .  

HONO, NH, NH and a lmos t  c e r t a i n l y  s imi la r  a s  y e t  u n i d e n t i f i e d  

compounds by p h o t o l y s i s  of s imple  m i x t u r e s  i n  t h e  l a b o r a t o r y  

a g a i n  s u g g e s t s  t h e  v a r i e t y  of molecules  t o  be e x p e c t e d  i n  t h e  

p r i m o r d i a l  condensed gases, 

The fo rma t ion  of t h e  super -peroxide  H204 

The p r o d u c t i o n  of such  u n s t a b l e  s p e c i e s  as HOZ, HCO, 

2 

A l l  these p o s s i b l e  c o n t r i b u t i o n s  t o  cometary mater ia l  

a r e  combined i n  Tab le  4 t o  y i e l d  a s u g g e s t e d  composi t ion  of 

t h e  cometary n u c l e u s .  The s p e c i e s  l i s ted  i n  Tab le  2 demonst- 

ra te  t h e  o c c u r r e n c e  of  s i g n i f i c a n t  amounts of  ca rbon  compounds * 

i n  comets. The r e s t r i c t i o n  of o b s e r v a t i o n s  t o  t h e  v i s i b l e  I 

spec t rum and t h e  absence  of l a b o r a t o r y  s p e c t r a  for ca rbon  

polymers  l a r g e r  t h a n  C3, s u g g e s t  t h a t  p a r e n t  molecules  con- 

t a i n i n g  more t h a n  three carbon atoms may a l s o  occur  i n  comets .  

I t  must be emphasized t h a t  n o . s i n g l e  model c a n  e x p l a i n  a l l  

comets. For Comet Morehouse 1908 111, and  Comet Humason 

1962 V I I I ,  c a rbon  monoxide appea r s  t o  have been t h e  dominant 

i n  Part  11, Chapter .3 ,  is s t r o n g  ev idence  f o r  t h e i r  occur-  

r e n c e  i n  t h e  p r i m o r d i a l  nebula .  There is t h e r e f o r e  good 

- 13 - 
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r e a s o n  t o  e x p e c t  complex o r g a n i c  molecu le s  i n  comets a s  w e l l .  

4 .  I n t e r s t e l l a r  Space 
II u 

The s u n  is abou t  two- th i rds  of the d i s t a n c e  from t h e  

c e n t e r  of o u r  g a l a x y  t o  t h e  outer  edge and  l ies a lmos t  i n  

i ts c e n t r a l  p l a n e .  Although t h e  ove ra l l  s t a r  d i s t r i b u t i o n  

is s p h e r i c a l ,  t h e  most luminous and  h o t t e s t  stars, and t h e  

d i f f u s e  m a t t e r  between t h e  6 t a r s  are h i g h l y  c o n c e n t r a t e d  t o  

t h e  g a l a c t i c  p l a n e .  I n t e r s t e l l a r  c h e m i s t r y  is concerned  

w i t h  t h i s  median r e g i o n  or g a l a c t i c  d i s c  a s  it is g e n e r a l l y  

known, 

S e v e r a l  modes of a n a l y s e s ,  S p i t z e r ,  (1968b) y i e l d  t o t a l  

d e n s i t i e s  of i n t e r s t e l l a r  m a t t e r  i as , aQou t  5 x 1 0  -24 g/cm3. 

Wide a n g l e  photographs  of t he  Mi lky  Way show the v e r y  ir- 

r e g u l a r  d i s t r i b u t i o n  of  obscu r ing  c l o u d s  and of luminous 

_ I  r e g i o n  i n  t he  g a l a x y .  I n  a d d i t i o n ,  h i g h  r e s o l u t i o n  s p e c t r a  

show t h a t  t h e  a b s o r p t i o n  l i n e s  o f  i n t e r s t e l l a r  molecules may 

c o n t a i n  s e v e r a l  Doppler d i s p l a c e d  components. T h i s  is e v i -  

dence fo r  a d i s c r e t e  v e l o c i t y  d i s t r i b u t i o n  of  the- g a s  and 

v e r y  l i k e l y  a d i s c r e t e  s p a t i a l  d i s t r i b u t i o n  a l s o .  I t  is con- 

v e n i e n t ,  a l t h o u g h  o v e r s i m p l i f i e d ,  t o  d e s c r i b e  t h e  d i s t r i b u -  

t i o n  of i n t e r s t e l l a r  matter by a random c l o u d  model. Accord- 

i n g  t o  t h i s  p i c t u r e  a k i l o p a r s e c  (3x1021 cm) l i n e  of s i g h t  

i n t e r c e p t s  f i v e  t o  t e n  c l o u d s  w i t i i  iiiean d i a m e t e r s ’ o f  10 par-  

secs each. With in  t h e  c l o u d - t h e r e  are t e n  hydrogen atoms p e r  

c m 3  and between c l o u d s  about  0.1 atom p e r  cm3.  The r a d i o  

- 1 4  - 



I , l i n e  of t h e  hydroxyl  r a d i c a l - ,  OH, has r e c e n t l y  been detected --._ 
__- - 6 

i n  o b s c u r i n g  or d u s t  c l o u d s  w i t h  r a d i i  as small  a s  0.5 pc 
3 % 

I !  and d e n s i t i e s  probably  n e a r  1000 H atoms/cm . 
Most of t h e  i n f o r m a t i o n  of t h e  compos i t ion  of t h e  gas 

l is based  on s p e c t r a  o b t a i n e d  i n  t h e  v i s i b l e  r e g i o n .  With 
I 

1 t h e  de'velopment of rad io  astronomy a n d  more r e c e n t l y ,  vacuum 

u l t r a v i o l e t  s p e c t r o s c o p y  from rockets,  a d d i t i o n a l  atoms and  

I 
molecu le s  have been  obse rved .  The list of a l l  e l emen t s  and 

compounds obse rved  i n  i n t e r s t e l l a r \ s j a c e  is p r e s e n t e d  i n  

T a b l e s  5, 6 ,  and 7 .  T a b l e s  5 and 6 list- the  s p e c i e s  obse rved  

i n  t h e  v i s i b l e ,  i n  a b s o r p t i o n  and  i n  e m i s s i o n  r e s p e c t i v e l y .  

I T a b l e  7 shows t h e  c o n s t i t u e n t s  d e t e c t e d  more r e c e n t l y  by 

rad io  or u l t r a v i o l e t  o b s e r v a t i o n s .  Abundances i n  i n t e r s t e l -  

l a r  space  conform g e n e r a l l y  t o  a s o - c a l l e d  cosmic abundance 

d i s t r i b u t i o n ,  Suess  and  Urey (1956),  Cameron (1959) d e r i v e d  

I '  

- .  

from a v a r i e t y  of ce le s t i a l  s o u r c e s ,  i n c l u d i n g  t h e  ear th .  I t  

is r e a s o n a b l e  t o  a p p l y  t h i s  r e s u l t  t o  o b t a i n  an  approximate 

comple te  composi t ion  for  t h e  i n t e r s t e l l a r  medium. The more 

abundant  e l emen t s  and  t h e i r  approximate ave rage  i n t e r s t e l l a r  

number d e n s i t y  appea r  i n  Table  8. 

' The s i g n i f i c a n t  presence- of carbon compounds a p p e a r s  

i n  i n t e r s t e l l a r  s p a c e  a l so .  N o t  o n l y  are two of t h e  three 

o b s e r v e d  d i a t o m i c  radicals  t h e  czmpcmnds CH and  C N ,  b u t  t h e  

m o s t  complex molecule  so  f a r  found i n  i n t e r s t e l l a r  s p a c e  is 

the o r g a n i c  compound, formaldehyde. 
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I n  a d d i t i o n  t o  t h e  s h a r p  l i n e s ,  o p t i c a l  s p e c t r a  reveal 

I some 2 5  b r o a d e r  a b s o r p t i o n  f e a t u r e s .  None have y e t  been 

i d e n t i f i e d  b u t  s e v e r a l  p o s s i b i l i t i e s  have been  c o n s i d e r e d  

a few of which,  Duley (1969 a , b ) ,  Herzberg (1969) ,  Johnson 

(1965) ,  are r e l a t e d  t o  t h e  s u b j e c t  of t h i s  c h a p t e r .  
I 
I 
I 

The t h i r d  c o n s t i t u e n t  of t h e  i n t e r s t e l l a r  medium is 
, t h e  m a t e r i a l  producing t h e  * o b s c u r a t i o n  a n d  r edden ing  of 

s t a r l i g h t .  Again,  many s u g g e s t i o n s  have been  made a s  t o  

t h e  n a t u r e  of t h i s  m a t e r i a l ,  g e n e r a l l y  r e f e r r e d  t o  a s  i n t e r -  

s t e l l a r  g r a i n s .  The p r o p o s a l s  i n c l u d e  (a) m i x t u r e s  of  con- 

s 

densed  g a s e s ,  main ly  water, ammonia and methane ,  (b)  sili- 

cates, ( c )  g r a p h i t e  (d)  metals. ( e )  condensed gas mixture  on 

g r a p h i t e  core. D e t a i l e d  d i s c u s s i o n s  of s u c h  p a r t i c l e s  are 

g i v e n  by Greenberg (1968) and Wickramasinghe (1967).  

The p r e v a i l i n g  t h e o r y  c o n s i d e r s  c l a s s i c a l  s c a t t e r i n g  

and  e x t i n c t i o n  b y  small  p a r t i c l e s  and r e q u i r e s  p a r t i c l e s  

w i t h  d imensions from about  3 Q O x  t o  3000 a d e p e n d h g  upon 

compos i t ion .  A r e c e n t  p roposa l  b y  P l a t t  (1956) based  upon a 

quantum mechanica l  i n t e r a c t i o n  ind ica t ed  t h a t  d i s o r d e r e d  

molecular aggregates of about  20 a d iame te r  c o u l d  produce 

I 

I 

t h e  e x t i n c t i o n .  T h i s  s u g g e s t i o n  has  been f u r t h e r  developed 

by Donn and h i s  a s s o c i a t e s  (1968, 1969, 1970) .  I t  was shown 
I t h a t  a r r a y s  of p o l y c y c l i c  hydrocarbons cont-aining abou t  5 or 

more r i n g s  have con t inuous  e x t i n c t i o n  th rough  t h e  v i s i b l e  

r eg ion  of t h e  spec t rum very s imi la r  t o  t h e  i n t e r s t e l l a r  ex- 

t i n c t i o n  as  shown i n  F igure  1 by Donn and  Kr i shna  Swamy (1969) .  
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I n f r a r e d  and u l t r a v i o l e t  a b s o r p t i o n  c o , e f f i c i e n t s  for s u c h  ' 

molecules  are c o n s i s t e n t  w i t h  t h e  e x t i n c t i o n  r a t i o  f o r  these 
6 

spectral r e g i o n s  obse rved  i n  i n t e r s t e l l a r  s p a c e .  From t h e  

d i s c u s s i o n  i n  S e c t i o n  2 on molecules  i n  ca rbon  s t a r s ,  s u c h  

stars may be t h e  s o u r c e  of these compounds. The a n a l y s e s  of  

g r a p h i t e  fo rma t ion  rev iewed t h e r e  a l so  makes t he  occur rence  

of  p o l y c y c l i c  a r o m a t i c s  l i k e l y .  
t 

Clar  (1964) has c a l l e d  a t t e n t i o n  t o  t h e  sequence of 

isomers w i t h  maximum chemical  and thermal s t a b i l i t y ,  F i g u r e  2 : 

benzene ,  d i p h e n y l ,  t r i p h e n v l e n e ,  dibenzopyrene , t r i b e n z o p e r  y- 

l e n e ,  %e t rabenzoan than th rene  and hexabenzocoronene . 

1 

L 

The 

l a r g e s t  member has been d e s c r i b e d  by C la r  i n  t h e  f o l l o w i n g  

way. "Hexabenzocoronene which does n o t  m e l t  even  above 700 C ,  
0 

is i n s o l u a b l e '  i n  a l l  c o n v e n t i o n a l  s o l v e n t s  and can  be formul-  

a ted  w i t h  s e x t e t s  o n l y ,  can  t h e r e f o r e  be c o n s i d e r e d  as  a 

p a r t i c l e  of g r a p h i t e .  I n  a c r y s t a l  n u c l e a t i o n  and  growth 
t? 

p r o c e s s  for t he  f o r m a t i o n  of g r a p h i t e  g r a i n s  i n  s t e l l a r  a t -  

mospheres  as  d e s c r i b e d  i n  S e c t i o n  2,  t h e  carbon s k e l e t o n  of 

these or s imi la r  p o l y c y c l i c s  or heterocyclic a r o m a t i c s  c o u l d  

w e l l  be among t h e  growing c l u s t e r s .  C o n d i t i o n s  for t h e  forma- 
i 

t i o n  of s u c h  molecules are less s t r i n g e n t  t h a n  for t h e  growth 

of g r a p h i t e  g r a i n s  of a f e w  hundred angs t roms.  Whatever 

process would e ject  g r a p h i t e  i n t o  s p a c e  a l s o  works f o r  these 

species. I t  a p p e a r s  p o s s i b l e  t o  e x p l a i n  a l l  f e a t u r e s  of t h e  

wavelength  dependence of i n t e r s t e l l a r  e x t i n c t i o n ,  as  w e l l  a s  

i n t e r s t e l l a r  p o l a r i z a t i o n  by these molecu le s .  They have t h e  

. 

- 17 - 



# 

4: 

.% 

advantage  of b e i n g  s t a b l e  up t o  about.  600°K f o r  t h e  smaller 

molecules  and  t o  1000°K for ;he largest. F u r t h e r  exper iment  

on t h e  o p t i c a l ,  thermal  a n d  photochemical p r o p e r t i e s  of these * 

t y p e s  of molecules  aqe under  way a t  Goddard. Thus,  i n  ad- 

d i t i o n  t o  small  o r g a n i c  molecules  and r a d i c a l s  now known t o  

be  p r e s e n t  i n  i n t e r s t e l l a r  space ,  there is a p o s s i b i l i t y  of 

ve ry  much larger  m o l e c u l e s . a l s o .  An a r r a y  o f  a r o m a t i c s  con- 

t a i n i n g  a t  least  abou t  f i v e  r i n g s  b u t  w i t h  a much larger  upper  
1 

l i m i t  t o  t h e  number of r i n g s  cou ld  be p r e s e n t .  These would 

not be pure  hydrocarbons b u t  shou ld  i n c l u d e  other  atoms b o t h  
L 

i n  the r i n g  s t ruc ture  and i n  t h e  s i d e  c h a i n s  r e p l a c i n g  

hydrogen.  

I r r a d i a t i o n  of t h e  van de H u l s t  ice model of  t h e  i n t e r -  

s t e l l a r  g r a i n  is a n o t h e r ,  somewhat more h y p o t h e t i c a l ,  s o u r c e  

of o r g a n i c  material i n  i n t e r s t e l l a r  s p a c e .  The s u g g e s t e d  

compos i t ion  g i v e n  b y  van de Hu l s t  (1948),  Greenberg,  (1968) 

w a s  100 p a r t s  H 2 0 ,  30 p a r t  HZ,  20 p a r t s  CH4, 10 p a r t s  NH3, 5 

p a r t s  M H and  other meta l l ic  compounds. With a r a d i i  under  

0.5 p,  t h e  p a r t i c l e  dimensions are t h e  order  of t h e  s k i n  d e p t h  
g 

' a n d  t h e  u l t r a  f l u x  w i l l  p e n e t r a t e  t h e  e n t i r e  g r a i n . -  

d i t i o n ,  t h e  low ene rgy  cosmic . r ays  would c o n t r i b u t e  t o  chemi- 

c a l  changes i n  t h e  g r a i n .  

i n d i c a t e  a cosmic r a y  flux mar one Mev t h a t  may be f o u r  

orders of magnitude g r e a t e r  t h a n  p r e v i o u s l y  c o n s i d e r e d .  Both  
8 t y p e s  of r a d i a t i o n ,  a c t i n g  ove r  g r a i n  l i f e t i m e s  of lo' t o  10 

y e a r s  would produce radicals l i k e  OH, NH, CH3, e tc .  

I n  ad- 

Measurements from s p a c e c r a f t  

. 

These 

- 18 - 
r 

. .  



would  recombine i n  a random f a s h i o n  w i t h i n  t h e  g r a i n  t o  

g r a d u a l l y  polymerize t h e  p a r t i c l e  and b u i l d  u p  more complex 

o r g a n i c  molecules .  Experiments  b y  Oro (1963) on the  i r r ad i -  

.L 

I 

a t i o n  of a water, ammonia, methane f i l m  by 5 Mev e l e c t r o n  

I y ie lded  abou t  20% non-volat  i l e  o r g a n i c  matter i n c l u d i n g  
I 

I s i m p l e  'amino acids. F u r t h e r  exper iments  t o  determine t h e  

t y p e  of change and t h e  ra te  are b e i n 6  s tar ted a t  Goddard. 

Such chemical changes would also e f f e c t  t h e  the rma l  s t a b i l i t y  

and  o p t i c a l  p r o p e r t i e s  of t h e  g r a i n  and have s i g n i f i c a n t  

a s t r o p h y s i c a l  consequences .  

...- 

- 1 9  - 
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4. Summary 

S p e c t r o s c o p i c  s t u d i e s  of  comets and i n t e r s t e l l a r  

matter demonst ra te  t h e  presence  of  s i m p l e  o r g a n i c  mole- 

cules i n  i n t e r p l a n e t a r y  and  i n t e r s t e l l a r  s p a c e .  D i f f  i- 

c u l t i e s  i n  d e t e c t i n g  or i d e n t i f y i n g  l a r g e r  ca rbon  compounds 

i n  e i t h e r  case s u g g e s t  t h a t  p r e s e n t l y  known molecu le s  are 

n o t  t h e  most complex t h a t  O c c u r .  

S e v e r a l  p r o p o s a l s  a t t e m p t i n g  t o  e x p l a i n  the e x t i n c t i o n  

of s t a r l i g h t  i n  i n t e r s t e l l a r  space  s u g g e s t  some type  of 

carbonaceous  m a t e r i a l  may be  p r e s e n t .  The form o f  t h e  

c a r b o n  r u n s  from pure g r a p h i t e  f l a k e s  through polymerized 

water, ammonia, methane, e t c .  g r a i n s  t o  p o l y c y c l e  aromatic 

m o l e c u l e s .  

Labora to ry  a n a l y s e s  o f  meteorites d e s c r i b e d  i n  P a r t  

11, Chapter  3, i n d i c a t e  t he  l a r g e  v a r i e t y  of q u i t e  complex 

o r g a n i c  material t h a t  is f m n d .  Although t h e  o r i g i n  is 

unknown, t h e i r  p r e s e n c e  i n  m e t e o r i t e s  is i n d i c a t i v e  of 
L 

f o r m a t i o n  i n  t h e  solar  nebula  or ear i ier  s t a g e  of galact ic  

e v o l u t i o n .  On t h e  b a s i s  of  t h e i r  1aboi .a tory  expe r imen t s  

S t u d i e r  e t  a1  (1968) have proposed hydrocarbon f o r m a t i o n  

v i a  a, F isher -Tropsch  mechanism on p a r t i c u l a t e  m a t t e r  which 

condensed  i n  t h e  p r i m o r d i a l  nebu la .  

As i n d i c a t e d  i n  t h e  I n t r o d u c t i o n ,  t h e  p re sence  of 

o r g a n i c  matter from a v a r i e t y  of  cosmic s o u r c e s  may a l l  

b e  c l o s e l y  r e l a t e d .  Our  knowledge o f  g a l a c t i c  e v o l u t i o n  

- 20 - 
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a n d  s p a c e  chemis t ry  is too incomplete  a t  p r e s e n t  t o  draw 

d e f i n i t e  c o n c l u s i o n s .  But  whether o r g a n i c  matter th roughou t  

t h e  g a l a x y  has a common o r i g i n  or formed independen t ly  i n  sev -  

e r a l  p l a c e s ,  w e  know it does  occur. The q u e s t i o n  of how much 

and  i n  what form these compound s u r v i v e d  d u r i n g  t h e  p r o c e s s  

of  ear th  accumula t ion  and  c r y s t a l  fo rma t ion  is t h e  most s i g n i -  

f i c a n t  i s s u e  remain ing .  However, t h e  thermal s t a b i l i t y  of  t h e  

more complex molecules  and  t h e  l i k e l i h o o d  of  some polymeriza-  

t i o n  s u g g e s t s  t h a t  a p r i m o r d i a l  o r g a n i c  r e s i d u e  remained on  

t h e  s u r f a c e  of t h e  e a r t h  a f t e r  t h e  c r u s t  and atmosphere 

formed.  Some c o n s i d e r a t i o n  o f  t h i s  problem a p p e a r s  i n  t h e  

pape r  by Oro (1965) and  t h e  d i s c u s s i o n  f o l l o w i n g  h i s  pape r .  

T h i s  ra i ses  t h e  f i n a l  q u e s t i o n s  of  t h i s  d i s c u s s i o n  of  o r g a n i c  

moe lcu le s  i n  s p a c e :  What w a s  the  probdble  n a t u r e  of  t h e  re- 

s i d u a l  o r g a n i c  mater ia l  and t o  what e x t e n t ' c o u l d  a scheme of 

terrestrial  b iochemica l  e v o l u t i o n  proceed from s u c h  i n i t i a l  

c i r cums  tamces? 

s 

I 

I 

. 
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8 ,  i s , ' * L  TABLE -8 

I t  Cosmically Abundant Elements I 

1 
/ - .  

. .  I 'i (Suess and Urey,  1956) 
* 

-. 
I 

R e 1  Ab-an ance 
4 ti! Z Element I n t e r s t e l l a r  G n s i t y  
: ( A t o m s / c m 3 )  s i  = 10 

1 

2 

8 

10 

7 

6 

14 

12 

26 

16 

18 

13 

20 

' 11 

28 

' 15 

17 
\ 

i 18 

I 
11 - , 

i 

Hydrogen 

H e  1 ium 

Oxygen 

N e  on 

NiErogea 

Carbon 

S i l i c o n  

Magnesium 

I ron  

s u l f u r  

Argon 

Aluminum 

Calcium 

Sodium 

N i c k e l  

Phosphorus 

Chlorine 

Potassium 

1 '  

0 .1  

5x10-4 

2 x 1 ~ - 4  

2 x 1 ~ - 4  

3 ~ 1 0 - ~  

3x10'5 

2 x 1 ~ - 5  

1x1~-5 

5 ~ 1 0 ' ~  

3 ~ 1 0 ~ ~  

1x10-6 

1x10'6- 

2 x 1 ~ - 7  

2x10:7 

5x10-' 
L 

1x10-8 

4 ~ 1 0 ~ '  

4x10' 
7 2x10 

9x106 
d 

7x106 
6 

4x10 

1x106 

.. 9x105 

6x105 
5 

4x10 

2 x 1 ~ 5  

9x104 
4 5x10 

4x104 

L L  3x104 

v 1x104 
' 3  9x10 

8 3x103 
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F i g u r e  1, 

/ 

;.' _ _  - FIGURE CAPTIONS 
\ _-- 
1 6  _--- 
, 

.c 
Comparison of i n t e r s t e l l a r  e x t i n c t i o n  

c u r v e  and  e x t i n c t i o n  by a r r a y  of 

I. p o l y c y c l i c  hydrocarbons (Donn and  
I1 

1 
i Swamy, 1969). The o r d i n a t e  is t h e  
i 

e x t i n c t i o n  i n  magnitudes compared t o  t h a t  

a t  5600 8 .  The i n s e r t  shows t h e  s ize  

d i s t r i b u t i o n  of molecules  compr is ing  t h e  

a r r a y .  The c u r v e s  A ,  B and  C are f o r  

s u c c e s s i v e l y  less s t ab le  groups .  The 

abscissa N is t h e  number of r i n g s  i n  t h e  

molecule  and  t h e  o r d i n a t e  is t h e  rela- 

t i v e  number of molecules .  

L L  

v 

- .- 

- 
F i g u r e  2 .  Sequence of most s tab le  p o l y c y c l i c  

isomers ( g r a p h i t e  p r e c u r s o r s ) .  
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